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Abstract. We developed a new CO vertical column density
product from near IR observations of the SCIAMACHY in-
strument onboard ENVISAT. For the correction of a tempo-
rally and spatially variable offset of the CO vertical column
densities we apply a normalisation procedure based on co-
incident MOPITT (version 4) observations over the oceans.
The resulting normalised SCIAMACHY CO data is well
suited for the investigation of the CO distribution over con-
tinents, where important emission sources are located. We
use only SCIAMACHY observations for effective cloud frac-
tions below 20 %. Since the remaining effects of clouds can
still be large (up to 100 %), we applied a cloud correction
scheme which explicitly considers the cloud fraction, cloud
top height and surface albedo of individual observations. The
normalisation procedure using MOPITT data and the cloud
correction substantially improve the agreement with inde-
pendent data sets. We compared our new SCIAMACHY
CO data set, and also observations from the MOPITT in-
strument, to the results from three global atmospheric chem-
istry models (MATCH, EMAC at low and high resolution,
and GEOS-Chem); the focus of this comparison is on re-
gions with strong CO emissions (from biomass burning or
anthropogenic sources). The comparison indicates that over
most of these regions the seasonal cycle is generally cap-
tured well but the simulated CO vertical column densities
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are systematically smaller than those from the satellite ob-
servations, in particular with respect to SCIAMACHY ob-
servations. Because SCIAMACHY is more sensitive to the
lowest part of the atmosphere compared to MOPITT, this in-
dicates that especially close to the surface the model sim-
ulations systematically underestimate the true atmospheric
CO concentrations, probably caused by an underestimation
of CO emissions by current emission inventories. For some
biomass burning regions, however, such as Central Africa in
July–August, model results are also found to be higher than
the satellite observations.
1 Introduction
Atmospheric carbon monoxide CO is released by natural and
anthropogenic sources such as biomass burning or fossil fuel
combustion. CO is toxic in high concentrations and an im-
portant precursor of tropospheric ozone (e.g. Crutzen and
Gidel, 1983). It is the major sink for the OH radical and
thus strongly influences the oxidative capacity of the atmo-
sphere. With a lifetime of typically weeks to months (Ci-
cerone, 1988) it is a good tracer for long range atmospheric
transport (Logan et al., 1981; Lelieveld et al., 2001; Shin-
dell et al., 2006). The main sources of atmospheric car-
bon monoxide are relatively well understood (Galanter et
al., 2000; Granier et al., 2000; Holloway et al., 2000), but
the magnitude of individual sources and their seasonality,
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especially of biomass burning, are still not well known. In
this study we use satellite observations of the SCanning
Imaging Absorption SpectroMeter for Atmospheric Chartog-
raphY (SCIAMACHY) on the Environmental Satellite (EN-
VISAT) (Burrows et al., 1995; Bovensmann et al., 1999) to
assess the skills of three atmospheric models to simulate the
atmospheric CO concentrations. Emphasis is on regions with
intense biomass burning or anthropogenic pollution.
SCIAMACHY observes scattered and reflected sunlight.
Thus, its sensitivity to trace gases close to the surface is
larger than for observations in the thermal IR (like from
the Measurements of Pollution in the Troposphere (MO-
PITT) instrument, see e.g., Drummond and Mand, 1996;
Deeter et al., 2003). Hence, SCIAMACHY observations
are especially well suited to constrain the CO concentra-
tions close to the sources. Different research groups have
developed retrieval algorithms for CO from SCIAMACHY,
which are based on modified Differential Optical Absorption
Spectroscopy (DOAS) retrievals (Platt and Stutz, 2008) be-
cause of the peculiarities in the near IR-spectral range. The
so called Iterative Maximum Likelihood Method (IMLM)
was developed at the Netherlands Institute for Space Re-
search (SRON) (Gloudemans et al., 2004; Gloudemans et al.,
2005; de Laat et al., 2006), the Weighting Function Modi-
fied (WFM)-DOAS algorithm was developed at the Univer-
sity of Bremen (Buchwitz et al., 2000, 2004, 2006a), and
the Iterative Maximum A Posteriori (IMAP)-DOAS method
was developed at the University of Heidelberg (Frankenberg
et al., 2005a,b). In our study we use the IMAP-DOAS al-
gorithm, but we apply two important additional corrections,
which are described in detail below. The resulting data set
of the CO vertical column density (the vertically integrated
CO concentration, VCD) is well suited for the quantitative
investigation of the distribution of the CO VCD over the con-
tinents, especially in combination with other satellite obser-
vations and/or results from model simulations.
Many comparisons of CO VCDs from SCIAMACHY with
other satellite observations (mainly MOPITT) and model re-
sults have been performed in recent years (e.g., Buchwitz et
al., 2004, 2006a, 2007; Gloudemans et al., 2005; Straume et
al., 2005; Turquety et al., 2008; Tangborn et al., 2009; de
Laat et al., 2010; Kopacz et al., 2010). Besides for valida-
tion purposes, the aim of these comparisons was also the im-
provement of emission estimates. Models were also used as
“transfer tools” for the comparison of CO VCDs from SCIA-
MACHY with those from other satellite sensors (e.g., Tur-
quety et al., 2008; Kopacz et al., 2010; de Laat et al., 2010).
In the comparison studies with model simulations the CO
VCDs from SCIAMACHY were typically found to be higher
than the corresponding model data, especially over polluted
regions. This finding is in agreement with recent studies sug-
gesting that current emission inventories underestimate the
true emissions (e.g., Gloudemans et al., 2006; de Laat et al.,
2006, 2007, 2010; Gloudemans et al., 2009; Kopacz et al.,
2010). However, most studies indicated that the comparisons
between SCIAMACHY observations and those from other
satellite instrument suffer from two general problems:
(a) For many of the comparisons no exact quantitative
agreement could be expected (e.g., Buchwitz et al.,
2004, 2006a, 2007; Gloudemans et al., 2005; Straume
et al., 2005), because they were affected by the different
spatio-temporal sampling of SCIAMACHY and other
satellite observations: Besides different height sensitiv-
ities of near-IR and thermal IR sensors often also not
strictly collocated observations were compared. For
example, even night-time observations of the thermal
IR sensors were included in the comparison, whereas
SCIAMACHY and other VIS instruments only make
daytime observations. Also, the effect of clouds on
the SCIAMACHY observations was considered in dif-
ferent ways: often simply observations above a certain
cloud fraction threshold were skipped. Nevertheless, in
general a good agreement of the observed patterns was
found.
(b) Some comparison studies were performed in a quan-
titative way (e.g., Turquety et al., 2008; Tangborn et
al., 2009; de Laat et al., 2010; Kopacz et al., 2010):
Only collocated observations were used for these com-
parisons and the different height-dependencies of near
IR and thermal IR sensors were adequately consid-
ered (e.g., using model simulations as transfer tools).
In particular Turquety et al. (2008) retrieved a boundary
layer partial CO VCD from the comparison of SCIA-
MACHY and MOPITT observations, and related these
partial CO VCDs to the respective quantity from the
model simulations. However, in these comparisons of-
ten inconsistencies between the satellite sensors and/or
model results were found, limiting the quantitative in-
terpretation of the retrieved results. Besides possible er-
rors of the MOPITT observations and/or the model sim-
ulations, these biases can be related to SCIAMACHY
CO retrievals.
In this study we implemented two important improvements
to the IMAP CO retrieval algorithm. First, in order to
correct for the remaining biases of the SCIAMACHY CO
VCDs, we apply a normalisation procedure based on si-
multaneous MOPITT observations over the oceans. In ad-
dition, a quantitative cloud correction scheme was applied
to the SCIAMACHY CO VCDs. Both correction schemes
are described in detail below. We then compare the result-
ing SCIAMACHY CO data set for the years 2004 and 2005
to results from three global atmospheric chemistry mod-
els: MATCH (Model of Atmospheric Transport and Chem-
istry, Max-Planck-Institute for Chemistry, (von Kuhlmann et
al., 2003), EMAC (ECHAM5/MESSy Atmospheric Chem-
istry modelling system, Max-Planck-Institute for Chemistry,
Jo¨ckel et al., 2006) and GEOS-Chem (Bey et al., 2001). In
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addition we also included MOPITT observations in this com-
parison. For the observations of both satellite instruments,
the respective height-dependent sensitivities were explicitly
considered by using the corresponding averaging kernels.
Besides several regions with intense biomass burning, the
comparison also includes Eastern China, where particularly
high CO concentrations from anthropogenic emissions occur.
The paper is organized as follows: in Sect. 2 the SCIA-
MACHY instrument and data analysis are presented. Partic-
ular emphasis is put on the systematic bias of the CO VCD
retrieved from SCIAMACHY. Section 3 presents the details
of the normalisation procedure using MOPITT observations
over the oceans. In Sect. 4 our cloud correction procedure
for the SCIAMACHY observations is described and results
of validation studies using ground based FTIR measurements
are shown. Section 5 presents the comparison of the cloud
corrected CO VCDs with MOPITT observations over the
continents. In Sect. 6 the different atmospheric models are
introduced, and in Sect. 7 the comparison between the satel-
lite data sets and model results is presented. Section 8 sum-
marises the main findings of our study.
2 SCIAMACHY instrument and data analysis
2.1 SCIAMACHY instrument
In 2002 SCIAMACHY was launched on board of ENVISAT
(Burrows et al., 1995; Bovensmann et al., 1999). SCIA-
MACHY consists of a set of eight spectrometers that simul-
taneously measure sunlight reflected from the Earth’s atmo-
sphere and from the ground in eight spectral windows cover-
ing the wavelength range between 240 nm and 2380 nm with
moderate spectral resolution (0.2–1.2 nm full width at half
maximum, FWHM). The satellite operates in a nearly polar,
sun-synchronous orbit at an altitude of about 800 km with
a local equator crossing time at approximately 10:00 a.m.
While the satellite orbits in an almost north-south direc-
tion, the SCIAMACHY instrument scans the surface across
track (i.e. east-west direction) during daytime. It operates
in different viewing modes (nadir, limb, and occultation).
In the standard operation mode, alternating limb and nadir
measurements are performed. For the CO retrieval, we
only use nadir spectra and the typical ground pixel size is
30 km (along track) times 120 km (across track). Due to this
rather coarse spatial resolution, the probability for cloud con-
tamination is rather high (Krijger et al., 2007). Global cover-
age is achieved after 6 days at the equator. At higher latitudes
better coverage is achieved because of the partial overlap of
neighboring orbits.
2.2 CO analysis
In contrast to the UV/Vis spectral region, the near IR spec-
tral range exhibits peculiarities that render classical DOAS
algorithms for CO retrieval unsuitable: first, there is a strong
sensitivity to temperature and pressure of the narrow near IR
absorption lines. Absorptions are very strong and lines not
fully resolved by the spectral resolution of the instrument,
rendering the retrieval nonlinear. Second, the weak CO ab-
sorptions are overlapped by strong methane and water vapor
lines whose interferences are stronger than the CO absorp-
tion itself. Buchwitz et al. (2000) were the first to focus
on the near infrared and introduced the concept of Weight-
ing Function Modified (WFM) – DOAS. To account for the
general non-linearity of the problem and to avoid interfer-
ences between strong absorbers, a new Iterative Maximum A
Posteriori DOAS (IMAP-DOAS) algorithm was developed
(Frankenberg et al., 2005a). The algorithm is based on opti-
mal estimation theory introduced to the remote sensing com-
munity by Rodgers (1976). This method directly iterates the
vertical column densities of the absorbers of interest until
the expected spectral signature of the total optical density
fits the measurement. The a-priori profiles for the IMAP
algorithm are constructed according to the US standard at-
mosphere. Since the observation in the near IR is sensi-
tive to the whole atmospheric column, the selection of the
CO a-priori profile has only negligible influence on the re-
trieved CO VCD (Frankenberg et al., 2005a,b). The IMAP
algorithms accounts for non-linearities due to spectrally non-
resolved strong absorptions and considers the sensitivity to
pressure and temperature changes in the atmospheric profile.
This algorithm minimizes systematic biases that would occur
in classical DOAS algorithms. A detailed description of the
algorithm can be found in Frankenberg et al. (2005a). Other
research groups also developed modified algorithms for the
near infrared spectral region (e.g., Schrijver, 2004; Buchwitz
et al., 2004; Gloudemans et al., 2005).
The output of the IMAP retrieval is the total atmospheric
CO vertical column density (VCD), i.e. the vertically inte-
grated CO concentration. It is retrieved under the implicit
assumption of a geometric air mass factor. The air mass fac-
tor (AMF) defines the ratio between the so called slant col-
umn density (SCD, the concentration integrated along the at-
mospheric light path) and the VCD (see e.g., Solomon et al.,
1987)
AMF=SCD/VCD. (1)
In simple cases (e.g., if atmospheric scattering can be ne-
glected), a geometric AMF can be used, which is defined as
follows:
AMFgeo = 1/cos (LOS)+1/cos (SZA) (2)
with LOS the viewing angle with respect to the nadir and
SZA the solar zenith angle. AMFs can be calculated for the
total atmospheric columns or also for partial columns accord-
ing to selected height layers. AMFs for selected height layers
are often referred to as box-AMFs:
AMFbox(zi)=SCD(zi)/VCD (zi) (3)
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with SCD(zi) and VCD (zi) being the partial slant and verti-
cal column densities of layer i.
2.3 Problems of the SCIAMACHY CO retrievals and
possible correction procedures
In many studies by different groups, biases of the SCIA-
MACHY CO VCDs were reported or were obvious in the
presented data sets (in Fig. 1 an example from our SCIA-
MACHY CO retrieval is shown). Typically, they not only
depend on location (e.g. showing a latitudinal gradient) but
also vary with time (Buchwitz et al., 2005, 2007; Dils et al.,
2006a; Turquety et al., 2008; Gloudemans et al., 2009; Tang-
born et al., 2007; Kopacz et al., 2010; de Laat et al., 2010).
The reasons for these biases are not completely understood,
but are probably related to several problems of the SCIA-
MACHY detectors or retrieval algorithms. Most importantly,
a changing ice-layer on the SCIAMACHY near-IR detectors
influences the measurements in several ways (e.g., Gloude-
mans et al., 2005). After decontamination periods, this ice
layer builds up in time, causing a time-dependent loss of sig-
nal and change of the instrument slit function. In addition,
the dark current of the detectors is influenced. Variations
of the dark current occur also within individual orbits. The
SCIAMACHY near-IR detectors also suffer from a variable
but generally increasing number of so called bad and dead
pixels, which can not be used for the analysis. For all of
these problems sophisticated solutions have been developed
and applied in recent years (e.g., Gloudemans et al., 2005;
Frankenberg et al., 2005b; Buchwitz et al., 2006a, 2007;
Gloudemans et al., 2009). Nevertheless, these corrections
are still not perfect, and the retrieved CO VCDs are subject
to remaining errors. It was shown that the application of dif-
ferent dead/bad pixel masks leads to systematic changes of
the retrieved CO VCDs (Buchwitz et al., 2007).
In addition to the systematic errors caused by these ef-
fects, also the random errors for the CO retrieval are gen-
erally large (up to >100 %), mainly depending on the bright-
ness of the observed scene (Gloudemans et al., 2005, 2008;
Frankenberg et al., 2005a; Buchwitz et al., 2006a; de Laat
et al., 2007). Thus many individual observations are usually
averaged (for example monthly means), reducing statistical
errors.
Besides these instrumental problems, some ambiguity
with respect to the analysis parameters remains. For exam-
ple, the specific choice of the spectral window (Gloudemans
et al., 2005; Buchwitz et al., 2006a) and the spectral data used
for the analysis has an influence on the retrieved CO VCDs
(Gloudemans et al., 2005, 2009). These effects are mainly
related to the fact that the strength of the overlapping absorp-
tions of CH4 and H2O are much stronger than that of CO.
Another problem is that usually a height-independent sensi-
tivity for the SCIAMACHY CO observations was assumed.
While this is mostly true for completely cloud-free condi-
tions and small solar zenith angles (Buchwitz et al., 2004;
Gloudemans et al., 2008; de Laat et al., 2010), the sensitivity
of SCIAMACHY for the lowest atmospheric layers can be
systematically reduced for large solar zenith angles and/or in
the presence of clouds (see below).
Like the other groups working on the SCIAMACHY CO
retrieval, we also investigated several ways to correct and
minimise the effects of the instrumental problems and lim-
itations of the spectral analysis. For example we quantified
the instrumental slit function from the shape and the width of
the strong absorption lines of CH4 and H2O close to the CO
fitting range from the measured spectra on a daily basis. We
then applied the resulting time dependent slit function to our
CO retrieval. In a similar way we determined and corrected
a possible time-dependent spectral offset (e.g., Gloudemans
et al., 2005). Furthermore, we applied the normalisation pro-
cedure using the simultaneously retrieved CH4 VCD. As can
be seen in Fig. A1 in the appendix, the retrieved CH4 VCD
shows very similar temporal varying biases. Thus Buchwitz
et al. (2007) introduced a correction procedure using the re-
trieved CH4 VCD for the correction of the CO VCDs. How-
ever, although the consistency of the CO VCDs was substan-
tially improved by this procedure, still biases remained. The
results of the different correction procedures for the CO VCD
are described in detail in Liu (2010). However, it turned out
that (similar to the results of other groups), part of the prob-
lems of the SCIAMACHY CO data could be improved, at
least for limited periods of time, but systematic biases still
remained. Here it is interesting to note that the improvement
reported by other studies (e.g. Gloudemans et al., 2005) is
better than found in our study. The reason for these differ-
ences are not clear, but might be caused by the use of differ-
ent retrieval settings.
From the temporal variation and latitudinal dependence of
the biases of the SCIAMACHY CO VCDs it can be con-
cluded that they are complex functions of probably several
parameters (e.g., solar zenith angle, cloud properties, num-
ber and location of bad and dead detector pixels, instru-
ment throughput, and strength of H2O and CH4 absorptions).
Besides the comparison between SCIAMACHY with other
satellite sensors, also comparisons of SCIAMACHY data
with model results will be systematically influenced by these
biases in the SCIAMACHY CO VCDs.
For these reasons, we developed a normalisation proce-
dure of SCIAMACHY CO VCDs using simultaneous ob-
servations of the MOPITT instrument (see e.g., Drummond
and Mand, 1996; Deeter et al., 2003) over the ocean. This
normalisation is performed on a daily basis and depending
on latitude (the details are presented in Sect. 3). Thus, es-
pecially the spatio-temporal variation of the bias between
SCIAMACHY and MOPITT is corrected. Of course, due
to this normalisation procedure the SCIAMACHY CO data
can not be regarded as an independent data set. In partic-
ular, all potential biases of the MOPITT observations will
be directly transferred to the retrieved SCIAMACHY CO
VCDs. However, MOPITT observations have been validated
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Fig. 1. Comparison between MOPITT CO VCDs and SCIA-
MACHY CO VCDs averaged over Sahara (20◦ N to 28◦ N; 8◦ W
to 28◦ E) for each day in th period 2003 to 2006 with and without
applying MOPITT normalization to the SCIAMACHY CO VCDs.
The jumps of the uncorrected data in 2003 and 2004 are related to
several ice decontamination phases. The reason for the drop in sum-
mer 2005 is not completely clear, but might be related to a broaden-
ing of the effective slit function (Liu, 2010).
in many studies. While MOPITT version 3 data showed sub-
stantial and temporally varying biases (e.g. Emmons et al.,
2004, 2009), the most recent version 4, which is used in this
paper, shows much smaller biases and almost now tempo-
ral drift (Deeter et al., 2010). Using our procedure any sys-
tematic (and varying) biases between both instruments are
largely reduced and subsequently the potential of the differ-
ent height sensitivities of both instruments can be fully ex-
plored.
In addition to the normalisation procedure, we also applied
a sophisticated cloud correction. Thus far, the cloud effect
was discussed in many studies, but it was – to our knowledge
– not explicitly corrected for.
Instead, usually only measurements for small cloud frac-
tions (typically <20 %) are considered (e.g., de Laat et al.,
2010; Kopacz et al., 2010, and references therein). Using
such a rather strict selection criterion leads to a strong de-
crease of the number of useful SCIAMACHY observations.
According to a study of Krijger et al. (2007) only about 25 %
of all SCIAMACHY CO observations have a cloud fraction
<20 %. Thus e.g., during one month on average only 1.5 CO
observations at a given location can be used if this selection
criterion is applied.
As already stated in several studies (e.g., Buchwitz et al.,
2004, 2005; Frankenberg et al., 2005a; Gloudemans et al.,
2006; de Laat et al., 2007), clouds can lead to a systematic
underestimation of the true CO VCDs, because the part of the
CO profile below the cloud is shielded. This underestimation
becomes especially large for observations over polluted re-
gions (where enhanced CO concentrations occur close to the
surface) and/or for high clouds (see Fig. A3 in the appendix).
Even for small cloud fractions the cloud effect can be sub-
stantial, because usually (exceptions include deserts and ice
surfaces) clouds are much brighter than the surface, and the
signal from the clouded part usually dominates the measured
spectra. As it will be shown later, even for small cloud frac-
tions the related systematic errors can be large (e.g., up to
100 % for observations with cloud fraction <20 % over pol-
luted regions).
It should be noted that in many cases the systematic cloud
effect is further enhanced if the SCIAMACHY observations
are averaged weighting by the inverse of the retrieval er-
ror (e.g., de Laat et al., 2006). Since the retrieval error in-
creases with decreasing brightness of the observed scene,
measurements with higher cloud fractions will be systemati-
cally weighted more heavily, and any systematic cloud effect
will thus be further increased.
Buchwitz et al. (2007) have introduced an implicit cloud
correction using a normalisation based on simultaneously re-
trieved CH4 VCDs. However, because of the different height
profiles of CO and CH4 (and probably also because of other
differences like the absorption strength), this method can not
completely correct for the influence of clouds. Especially in
regions with strong CO emissions, the height profiles of CO
and CH4 are particularly different leading to a systematic un-
derestimation of the true CO VCD. Buchwitz et al. (2007)
also state that while many retrieval problems are largely im-
proved by the CH4 normalisation procedure, still some sys-
tematic effects of the retrieved CO VCD remain.
In this study, we apply an explicit cloud correction for the
retrieval of CO VCDs from SCIAMACHY. It is based on re-
sults of the FRESCO+ algorithm (Fast REtrieval Scheme for
Cloud from the Oxygen A band, see Koelemeijer et al., 2001)
and takes into account the (effective) cloud fraction and cloud
top height. Besides the correction of the cloud effect, our
algorithm also provides height dependent averaging kernels
for the individual SCIAMCHY CO measurements. Details
of the cloud correction procedure are given in Sect. 4.
After the normalisation of the SCIAMACHY CO VCDs
and the cloud correction, our CO data set is well suited to
be compared in a quantitative way with the results of model
simulations.
From the spectral retrieval, also the uncertainty of the de-
rived CO VCD is determined. Typically, for individual mea-
surements, these errors are dominated by the limited signal
to noise ratio (see e.g. Gloudemans et al., 2006). Here it is
interesting to note that especially the comparison with model
results indicates that the true random error is probably sub-
stantially smaller than the noise error derived from the spec-
tral retrieval.
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3 Normalisation using MOPITT data over the oceans
The initial comparison between MOPITT and SCIA-
MACHY indicated that the difference between the CO
VCDs measured by both instruments depends on latitude
and time (probably related to changes in SZA and relative
azimuth angle). Thus, no simple correction of the SCIA-
MACHY CO column densities (e.g., by adding a constant
or time-dependent offset) is possible, and we decided to ap-
ply a latitudinally and seasonally dependent correction of the
offset in the SCIAMACHY CO VCDs using MOPITT obser-
vations over the oceans. For that purpose we used MOPITT
version 4 data obtained from the NASA Langley Research
Center Atmospheric Science Data Center (http://eosweb.larc.
nasa.gov/PRODOCS/mopitt/table mopitt.html).
The main justification of such a normalisation procedure
is that all strong CO emissions are located over land and thus
the CO distribution over the remote ocean (excluding out-
flow regions) can be expected to be relatively well mixed. In
particular, in the lowest atmospheric layers away from the
continents no strong spatial gradients of the CO concentra-
tion are expected. Thus, in spite of the low sensitivity of the
MOPITT instruments for near-surface layers, CO VCDs re-
trieved from both sensors should show good agreement, if
the a priori assumptions in the MOPITT retrieval for the CO
concentration in the lowest atmospheric layers are reason-
able. Over oceans, far away from strong CO sources, this
prerequisite should in general be fulfilled. For the compari-
son with MOPITT observations we selected SCIAMACHY
observations above low-lying clouds (cloud top heights be-
tween 0 and 2 km and effective cloud fractions > 20 %), for
which the SCIAMACHY observations have a similar height-
dependent sensitivity compared to MOPITT. The cloud prop-
erties are derived from the FRESCO+ algorithm, see Koele-
meijer et al. (2001) and Wang et al. (2008). The height de-
pendent averaging kernels of the individual SCIAMACHY
observations (see Sect. 4) are applied to the coincident MO-
PITT measurements over the oceans before both data sets
are compared. Thus, even if the true CO concentration in
the low atmosphere differs from the MOPITT a priori val-
ues, this should only have a small effect on the comparison.
We estimate the remaining errors affecting the comparison of
the CO VCD to be <5 % for unperturbed profiles. In cases of
effective transport of polluted air masses over the ocean the
corresponding error might be larger.
For the normalization procedure, we divided the remote
ocean area into 15 latitude bins from north to south (see
Fig. 2). We calculated offsets 1COlat between SCIA-
MACHY and MOPITT VCDs for these regions on a daily
basis according to the following equation:
1CO(lati)=COMOPPIT,above cloud height(lati)−COSCIA(lati) (4)
Here COSCIA(lati) indicates the mean value of all SCIA-
MACHY CO VCDs within the selected latitude bin which
fulfil the cloud selection criteria (cloud fraction >20 %,
cloud top height <2 km). COMOPPIT,above cloud height(lati) in-
dicates the mean value of all MOPITT partial CO VCDs
above the average cloud top height of the SCIA observations
within the selected latitude bin. The offset 1CO(lati) is de-
termined on a daily basis and interpolated (using splines) to
a latitudinal grid of 1◦.
Assuming that the CO VCDs measured by MOPPIT over
remote ocean area are correct and that the bias of the
SCIAMACHY CO VCD does not depend on longitude,
the determined offset between MOPPIT and SCIAMACHY
1CO(lati) can be used for the correction of the SCIA-
MACHY CO observations on a global scale.
In order to verify our normalization process we com-
pared MOPPIT CO VCDs and SCIAMACHY CO VCDs
over the continents; in Fig. 1 the results over the Sahara are
shown (additional comparisons are shown in Sect. 5). As ex-
pected, after the normalization procedure, the agreement be-
tween the MOPITT and SCIAMACHY data is strongly im-
proved.
Here it might be interesting to note that de Laat et
al. (2010) reported on a positive bias of MOPITT over desert
regions (see also George et al. 2009). However, this bias
seems to be reduced in MOPITT version 4 data, especially in
months without strong biomass burning. It is also smaller in
the latitude band used here (20◦ N–28◦ N) than in the region
investigated by de Laat et al. (2010). Good agreement be-
tween SCIAMACHY and MOPITT (version 3) CO data over
Sahara were also reported by Buchwitz et al. (2007). From
the comparison between model results and MOPITT obser-
vations (Sect. 7), it seems that in most seasons MOPITT CO
VCDs over the Sahara still show a positive bias. However,
this should have no important impact on the results of this
study, because (a) we use only MOPITT observations over
the oceans for the normalisation procedure and (b) we are
not focussing on the results over the Sahara.
In Fig. 3 the global maps of the annual mean SCIA-
MACHY CO VCDs for four years (2003–2006) for different
stages of the normalisation and cloud correction are shown.
The top panel shows non-corrected results, the middle panel
shows the same results after normalization with MOPITT
data over the oceans. The bottom panel shows the same
results after an additional cloud correction was applied (see
Sect. 4). While the absolute values of the CO VCDs change
after each processing step, the spatial patterns only slightly
change (see also the difference maps in Fig. A2 of the ap-
pendix). This indicates that the spatial patterns of the SCIA-
MACHY CO VCD are almost independent from the nor-
malisation with MOPITT data (and also from the cloud cor-
rection). After the normalization and cloud correction, the
absolute values in different years become similar indicating
that existing biases are largely reduced. However, the re-
sults for the year 2006 show some deviations from the other
years probably indicating the limitations of our normaliza-
tion procedure.
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Fig. 2. Latitude bins selected over the remote ocean for the normalization procedure of 
SCIAMACHY CO VCDs using MOPITT data (see section 3).  
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Fig. 2. Latitude bins selected over the remote ocean for the nor-
malization procedure of SCIAMACHY CO VCDs using MOPITT
data (see Sect. 3).
It should be noted that the SCIAMACHY CO VCDs nor-
malized in this way can not be considered as independent
data. In particular, its accuracy depends critically on the ac-
curacy of the MOPITT data: systematic errors of the MO-
PITT data will almost directly result in similar errors of the
normalized SCIAMACHY data set. Here it should be noted
that extensive validation of the MOPITT CO data has been
performed by Deeter et al. (2010), using a variety of in situ
aircraft data. They found biases in the MOPITT data of
less than 6 % for different altitude levels. The normalized
SCIAMACHY CO data are particular useful, since obser-
vations in the near IR are sensitive to the total atmospheric
CO VCD, SCIAMACHY data can yield important informa-
tion on the location and strength of local emission sources.
Here in particular the comparison of CO VCDs from SCIA-
MACHY (and also MOPITT) over continental sources with
model data is of great interest (see Sect. 7).
4 Cloud correction algorithm
Before the normalised SCIAMACHY data set can be used
for comparison with other data sets such as model results,
the effect of clouds on the measurement sensitivity has to
be corrected. Cloud effects can be minimised by excluding
measurements with large effective cloud fractions; for satel-
lite observations of tropospheric trace gases often a thresh-
old of 10 % to 30 % effective cloud fractions is used. In our
study we consider measurements with effective cloud frac-
tions <20 %.
Although these cloud fractions are rather small, the re-
maining clouds can still strongly affect the retrieved CO
VCDs, especially if the cloud altitude is high, the surface
albedo is low, and the near-surface CO concentration is high.
Examples of the shielding effect of clouds for small cloud
fractions are shown in Fig. A3 in the appendix. An ap-
propriate cloud correction is particularly important for mea-
surements close to strong emission sources. We considered
the influence of the actual effective cloud fraction and ef-
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Fig. 3. Global annual mean CO distribution for uncorrected
data (top), after normalization with MOPITT (center) and after ad-
ditional cloud correction (bottom). Note the different colour scales.
The differences between results for the different correction steps are
shown in the appendix (Fig. A2).
fective cloud top height using simultaneously retrieved cloud
properties from the FRESCO+ algorithm (Koelemeijer et al.,
2001; Wang et al., 2008). For the cloud top albedo we as-
sumed a value of 40 %, which is about half of the value at
760 nm (see e.g., Nakajima and King, 1990), at which the
FRESCO+ cloud algorithm is applied.
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Fig. 4. Standard CO profile assumed for the calculation of the SCIAMACHY total CO column 
density standard data set. 
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Fig. 4. Standard CO profile assumed for the calculation of the
SCIAMACHY total CO column density standard data set.
The influence of the surface albedo was taken into account
using albedo maps (yearly average) from the Moderate Res-
olution Imaging Spectroradiometer (MODIS) for the wave-
length range of our CO retrieval (Justice et al., 1998). In prin-
ciple, also seasonally varying surface albedo could be used
here, but the effect of the seasonal variation of the surface
albedo on the retrieved SCIAMACHY CO VCDs is typically
below 1 %, and at maximum 5 %. Thus we decided not to ex-
plicitly include the seasonal variation of the surface albedo in
our cloud correction procedure.
In our cloud correction routine we use the independent
pixel approximation: the CO absorptions of the clear and
cloudy parts of a satellite pixels are weighted according to
the effective cloud fraction and the respective radiances of
the cloudy and clear fractions. For the cloudy part of the
pixel we assume that the sensitivity is zero below the cloud
top. This assumption is justified by the high effective albedo
of clouds. For the clear part of the pixel we assume a con-
stant sensitivity throughout the atmosphere, which is justi-
fied by the low probability of Rayleigh-scattering in the near
IR spectral range. Note that we chose the description of the
clouds by a so called Lambertian reflector, because such a
cloud model is also used in the FRESCO+ algorithm.
First, box-AMFs (see Eq. 3) for different layer heights are
calculated:
AMFbox (zi)= (1−CF) ·SA ·AMFClear+CF ·CA ·AMFCloud
(1−CF) ·SA+CF ·CA (5)
Here zi indicates the height of the atmospheric layer, CF the
(effective) cloud fraction, SA the surface albedo, and CA the
cloud top albedo. AMFclear is approximated by the geomet-
rical AMF assumption (Eq. 2). AMFcloud is set to zero for
zi < the cloud top height and set to the geometric AMF
for zi ≥ the cloud top height.
These box-AMFs describe the height resolved sensitivity
of the SCIAMACHY observations depending on the actual
effective cloud fraction, cloud top height, and ground albedo.
If the (relative) CO profile for the observed atmospheric
scene is known (or assumed), the total cloud-corrected CO
VCD can then be calculated from the SCIAMACHY obser-
vation based on the height dependent sensitivity:
VCDSCIA,corrected = VCDSCIA ·AMFgeoAMFtotal,profile (6)
with
AMFtotal,profile =
∑
i
AMFbox (zi) ·cCO,profile (zi)∑
i
cCO,profile (zi)
(7)
VCDSCIA indicates the IMAP CO VCD after the normalisa-
tion procedure, see Sect. 3; cCO,profile(zi) indicates the CO
concentration at layer i.
Using the formalism of Eskes and Boersma (2003), be-
sides the cloud-corrected CO VCDs, also averaging kernels
can be calculated for individual SCIAMACHY CO observa-
tions.
AK(zi)= AMFbox (zi)AMFtotal,profile (8)
If no independent information on the CO profile (e.g., from
model simulations) is available, we used a “standard CO pro-
file” for the retrieval of CO VCDs from SCIAMACHY ob-
servations. This “standard profile” is constructed as a com-
promise between CO profiles from chemical models for pol-
luted and remote areas; it is shown in Fig. 4. Using this
profile as input in Eq. (7), we determine our new standard
SCIAMACHY CO VCD:
VCDSCIA,standard = VCDSCIA ·AMFgeoAMFtotal,standard (9)
It is interesting to note that the AMF for the standard profile
only depends on the relative shape of the CO profile, since
in the chosen wavelength range CO is a relatively weak at-
mospheric absorber with OD 1. Of course, this choice of
a CO profile is arbitrary and can lead to large deviations of
the retrieved CO VCDs from the true atmospheric CO VCDs
depending on the deviation of relative profile shape of the
assumed standard profile from the true atmospheric CO pro-
file: close to emission sources, where the CO concentration
in the near-surface layers are typically enhanced (relative to
the standard profile), the retrieved SCIAMACHY CO VCD
tends to underestimate the true CO VCD. In contrast, for
remote unpolluted regions, the actual surface-near CO con-
centration might be decreased (relative to the standard pro-
file), and thus the retrieved SCIAMACHY CO VCD tends to
overestimate the true CO VCD. These dependencies should
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Fig 5. Examples of MOPITT’s and SCIAMACHY’s monthly mean averaging kernels over 
central Africa (left, 5°N to 12°N; 15°W to 32°E, January 2004) and East of China (right, 20°N to 
40°N; 107°E to 123°E, May 2004). Only observations with effective cloud fraction <20% are 
selected. 
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Fig. 5. Examples of MOPITT’s and SCIAMACHY’s monthly mean averaging kernels over central Africa (left, 5◦ N to 12◦ N; 15◦ W to
32◦ E, January 2004) and East China (right, 20◦ N to 40◦ N; 107◦ E to 123◦ E, May 2004). Only observations with effective cloud fraction
<20 % are selected.
 
Fig. 6. Relative difference [(VCDcorrected - VCDuncorrected)/VCDuncorrected] of SCIAMACHY CO 
column densities with and without cloud correction (January 2004). Especially over regions with 
high cloud top heights the neglect of the cloud correction can lead to large errors even for rather 
small cloud fractions (here only observations with effective cloud fraction <20% are considered; 
white areas indicate missing values).  
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Fig. 6. Relative differenc [(VCDcorrected-VCDuncorrected) /VCD
uncorrected] of SCIAMACHY CO column densities with and with-
out cloud correction (January 2004). Especially over regions with
high cloud top heights the neglect of the cloud correction can lead to
large errors even for rather small cloud fractions (here only obser-
vations with effective cloud fraction <20 % are considered; white
areas indicate missing values).
be kept in mind when the values of our SCIAMACHY stan-
dard CO VCD are compared to other data sets of CO VCDs.
However, if the SCIAMACHY CO VCDs are compared to
data sets which provide explicit profile information (e.g., at-
mospheric models), the application of the averaging kernels
will properly take into account the height dependent sensi-
tivity of the SCIAMACHY observation; or in other words:
if both measurements and model simulations are correct, ex-
act agreement between both data sets must be expected after
properly considering the averaging kernels of the measure-
ments.
In addition to clouds, aerosols also influence the atmo-
spheric radiative transfer and can have systematic effects on
the SCIAMACHY CO VCDs. Gloudemans et al. (2008) in-
vestigated the aerosol effects and found that the related er-
rors can be up to 15 %. Using our cloud correction scheme
should lead to a first order correction of the aerosol effects,
at least for mainly scattering aerosols. This finding will be of
particular importance for observations over heavily polluted
regions (biomass burning regions and East China), which are
the main area of interest in this study. It is, however, impor-
tant to note here that in the presence of absorbing aerosols,
the situation is more complex (see Leita˜o et al., 2010), and
in extreme cases, no correction of the aerosol effects will be
accomplished. However, if the absorbing properties of the
aerosols are similar in the spectral range of the CO absorp-
tion and the spectral range where the cloud properties are
determined, the aerosol effects are at least partly corrected.
In Fig. 5 examples for the averaging kernels of SCIA-
MACHY CO observations (for effective cloud fraction
<20 %) are shown. The graphs present the monthly mean
averaging kernels for SCIAMACHY and MOPITT observa-
tions over selected regions (central Africa, January 2004, and
East China, May 2004, see also Fig. 8). It is obvious that
– as expected – SCIAMACHY is much more sensitive to
near surface CO concentrations than MOPITT. Nevertheless,
due to clouds, also the sensitivity of SCIAMACHY CO ob-
servations systematically decreases towards the ground (by
about 10 % for observations with cloud fractions <20 %), but
this decrease is much smaller compared to MOPITT observa-
tions. The height dependent sensitivity is explicitly consid-
ered for the quantitative comparisons with model data in this
study by using the respective averaging kernels (see Sect. 7).
The importance of a proper cloud correction is illustrated
in Fig. 6, where the relative difference of SCIAMACHY CO
VCDs with and without cloud correction is shown. The rel-
ative difference is below 10 % over desert areas where the
surface albedo is high and cloud fraction is low. In gen-
eral, over areas with small cloud fraction and low cloud top
height, relatively small differences are found. However, over
areas with high cloud top heights the relative difference can
reach up to 100 %. Here it should be noted that most of
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Fig. 7. Comparison of SCIAMACHY CO VCDs (black dots, monthly means) with coincident results from ground based FTIR stations. In
the left part of the figure, uncorrected CO VCDs are shown; in the center part the same data are shown after normalisation with MOPITT
observations (see Sect. 3); in the right part of the figure, also a cloud correction was applied (see Sect. 4). The numbers below the figures
indicate the results of the correlation analyses (s: slope, r2: coefficient of determination) and the average difference between both data sets (d:
SCIAMACHY CO VCD – FTIR CO VCD in units of 1018 molec cm−2).
these areas (such as industrial regions and biomass burning
regions) are of great interest for the test of current emission
estimates.
We compared the normalised and cloud corrected SCIA-
MACHY CO VCDs with CO VCDs obtained by ground
based FTIR measurements at different stations (Fig. 7). Be-
sides the final product, the validation also includes the uncor-
rected data and the SCIAMACHY CO VCDs after the nor-
malisation with MOPITT data over the ocean are shown. It
can be clearly seen that both correction steps improve the
Atmos. Chem. Phys., 11, 6083–6114, 2011 www.atmos-chem-phys.net/11/6083/2011/
C. Liu et al.: Comparison of SCIAMACHY and MOPITT CO columns to models 6093
Bremen 53.1°N, 8.7°E  
s=0.86,    r2=0.31,    d= -1.28 s=0.94,    r2=0.72,    d= -0.34 s=0.95,    r2=0.73,    d= -0.04
 
 
Egbert 44.2°N, 79.8°W  
s=0.77,    r2=0.53,    d= -1.02 s=1.05,    r2=0.63,    d= -0.22 s=1.06,    r2=0.58,    d= 0.04 
Darwin 12.5°S, 130.8°E  
s=1.24,    r2=0.72,    d= -0.87 s=0.58,    r2=0.70,    d= 0.10 s=0.58,    r2=0.67,    d= 0.16 
FTIR
SCIAMACHY
FTIR
SCIAMACHY
FTIR
SCIAMACHY
FTIR
SCIAMACHY
FTIR
SCIAMACHY
FTIR
SCIAMACHY
FTIR
SCIAMACHY
FTIR
SCIAMACHY
FTIR
SCIAMACHY
Reunion 21.1°S, 55.5°E  
s=1.40,    r2=0.96,    d= 0.03 s=1.03,    r2=0.99,    d= 0.03 s=0.82,    r2=0.96,    d= 0.11 
 
 
Wollongong 34.5°S, 150,9°E  
s=0.43,    r2=0.06,    d= -0.77 s=0.73,    r2=0.63,    d= -0.04 s=0.72,    r2=0.59,    d= 0.01 
 
 
Lauder 45.0°S, 169.7°E  
s=0.24,    r2=0.00,    d= -0.75 s=0.18,    r2=0.04,    d= -0.31 s=0.14,    r2=0.03,    d= -0.13
 
FTIR
SCIAMACHY
FTIR
SCIAMACHY
FTIR
SCIAMACHY
FTIR
SCIAMACHY
FTIR
SCIAMACHY
FTIR
SCIAMACHY
FTIR
SCIAMACHY
FTIR
SCIAMACHY
FTIR
SCIAMACHY
Fig. 7. Continued.
1
234
5
6
7
8
Fig. 8. Mean CO VCD retrieved from SCIAMACHY (2003 to
2005, units: molec cm−2). The boxes indicate regions of high
biomass burning or industrial activity that are selected for the com-
parison between satellite observations and model simulations (see
Sect. 7).
agreement with the FTIR measurements at most locations.
Note that an initial validation of the uncorrected SCIA-
MACHY CO VCDs by FTIR observations was performed
by Dils et al. (2006).
In Fig. 7 it can be also seen that the seasonal variation is al-
ready present in the uncorrected SCIAMACHY CO VCDs.
However, due to the relatively small area (8◦× 8◦) around
the FTIR stations (similar as in de Laat et al. 2010), the
SCIAMACHY CO VCDs are also subject to large scatter
(depending on the surface albedo and cloud cover). Fig-
ure A4 in the appendix presents time series averaged over
larger areas, which show a much smoother seasonal varia-
tion. Here the uncorrected data reproduce very well the sea-
sonal variations, although with substantial biases.
In Fig. 8 the global mean average CO VCD (2003 to
2006) from our SCIAMACHY retrieval is shown. It is ob-
tained after applying the normalisation procedure using MO-
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Fig 9. Comparison of the spatial distribution of the CO VCD (average 2003 to 2005) over China 
derived from SCIAMACHY (left) and MOPITT version 4 (right).  
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Fig. 9. Comparison of the spatial distribution of the CO VCD (average 2003 to 2005) over China derived from SCIAMACHY (left) and
MOPITT version 4 (right).
 
 
Fig. 10 Spatial correlation (1° grid) for global average maps (2003-2005) of the CO VCD 
from MOPITT and SCIAMACHY (units: 1018 molec/cm²). The different graphs are for 
different steps of the SCIAMACHY CO retrieval. 
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Fig. 10. Spatial correlation (1◦ grid) for global average maps (2003–2005) of the CO VCD from MOPITT and SCIAMACHY (units:
1018 molec cm−2). The different graphs are for different steps of the SCIAMACHY CO retri val.
PITT observations over the ocean (see Sect. 3), skipping all
observations with effective cloud fractions >20 %, and ap-
plying the cloud correction as described above. Besides over
regions with strong anthropogenic emission sources (like
over China), enhanced CO VCDs are in particular found over
regions with intense biomass burning.
In Fig. 9a zoom of Fig. 8 over East Asia is presented to-
gether with CO results from MOPITT. High values are found
over highly populated regions as also reported by other stud-
ies (e.g., Buchwitz et al., 2007). In particular, the highest CO
VCDs derived from SCIAMACHY coincide with the loca-
tion of major Chinese cities.
5 Comparison of SCIAMACHY with MOPITT
over the continents
In recent comparison studies between CO measurements
from SCIAMACHY and MOPITT it was mostly found that
the CO VCDs derived from SCIAMACHY are larger than
those from MOPITT (e.g., Buchwitz et al., 2004, 2006a,
2007; Turquety et al., 2008), in agreement with the as-
sumption that the CO concentrations close to the surface
are higher than those assumed for the MOPITT a priori pro-
files (which represent current knowledge about the CO pro-
files, especially near the surface). However, these compar-
isons were often affected by the systematic biases of the
SCIAMACHY CO VCDs, which complicated their quanti-
tative interpretation.
In this section we compare CO VCDs from our retrieval
algorithm with collocated MOPITT data. Due to the normal-
ization procedure the SCIAMACHY CO VCDs can not be
regarded as a completely independent data set. But the com-
parison of coincident CO VCDs from MOPITT and SCIA-
MACHY over the continents can yield important informa-
tion on the consistency of the results of both satellite sen-
sors over the continents. In particular the hypothesis can
be tested whether the SCIAMACHY CO VCDs are system-
atic higher over areas with strong emission sources because
of their higher sensitivity (compared to MOPITT) for the
near-surface layers. Additional confidence on the quality
of the SCIAMACHY CO data set can be gained from the
investigation of the spatial and temporal patterns.
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Central South America (region 4 in Fig. 8) 
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East China (region 8 in Fig. 8) 
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Fig. 11 Comparison of the monthly mean CO VCD (in units of 1018 molec/cm2) derived from 
SCIAMACHY and MOPITT. In the left column of the figure all observations of 
SCIAMACHY and MOPITT within the selected regions (see Fig. 8) are considered. In the 
middle column only collocated and coincident observations of SCIAMACHY and MOPITT 
are used. Similar comparisons for other regions indicated in Fig. 8 are presented in the 
appendix. The error bar of SCIAMACHY refers to the unbiased estimator of a weighted 
population variance. The numbers of observations are indicated in the right column (please 
notice the logarithmic scale).  
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Fig. 11. Comparison of the monthly mean CO VCD (in units of 1018 molec cm−2) derived from SCIAMACHY and MOPITT. In the
left column of the figure all observations of SCIAMACHY and MOPITT within the selected regions (see Fig. 8) are considered. In the
middle column only collocated and coincident observations of SCIAMACHY and MOPITT are used. Similar comparisons for other regions
indicated in Fig. 8 are presented in the appendix. The error bar of SCIAMACHY refers to the unbiased estimator of a weighted population
variance. The numbers of observations are indicated in the right column (please notice the logarithmic scale).
In a first step the spatial distribution (averages from 2003–
2005 on a 1◦ grid) of the CO VCD between MOPITT and
SCIAMACHY are correlated. In Fig. 10 the correlation anal-
yses for the different steps of the SCIAMACHY retrievals
are shown. The normalisation using MOPITT data and the
cloud correction have only little effect on the strength of the
correlation indicating that already in the uncorrected SCIA-
MACHY CO VCDs the spatial patterns agree well with those
of MOPITT. After applying the different correction steps,
the bias between both data sets is reduced with the strongest
impact from the normalisation using MOPITT data over the
oceans.
In a second step (Fig. 11) we investigate the time series
of monthly mean CO VCDs over three of the areas indicated
in Fig. 8 (similar comparisons for other regions indicated in
Fig. 8 are presented in Fig. A5 in the appendix; one example
of the comparison for a region without strong CO emission
sources was already presented in Fig. 1. In the left column
of Fig. 11 the time series using all observations within the
selected area are shown (for SCIAMACHY only observa-
tions with an effective cloud fraction <20 % are used). In
the middle column of Fig. 11 only coincident observations
between both sensors were used. Also shown are the respec-
tive numbers of observations (notice the logarithmic scale).
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Fig. 12 Spatial distribution of averaged seasonal differences between SCIAMACHY and 
MOPITT CO columns with the same spatial-temporal sampling. White areas indicate missing 
values. It should be noted that over almost all regions the deviations are not significant according 
to the SCIAMACHY measurement uncertainties.  
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Fig. 12. Spatial distribution of veraged seasonal dif erences betwe n SCIAMACHY and MOPITT CO columns with the same spatial-
temporal sampling. White areas indicate missing values. It should be noted that over almost all regions the deviations are not significant
according to the SCIAMACHY measurement uncertainties.
If only coincident observations are selected, the number of
SCIAMACHY observations reduces strongly (by a factor 10
to 100).
The interpretation of the results of the comparison is not
straight-forward, since the true vertical CO concentration
profiles are not known, and for the retrieval of both data sets
different assumptions on the a priori profile were made. For
MOPITT version 4 CO VCDs the a priori even depends on
location and season. Thus the comparison exercise can only
be interpreted in a semi-quantitative way.
Over the biomass burning regions very similar seasonal
cycles are found in both data sets. In most cases the SCIA-
MACHY CO VCDs are systematically higher than the MO-
PITT CO VCDs probably indicating the higher sensitivity of
SCIAMACHY towards the surface. If only coincident obser-
vations of both sensors are considered (right parts of Fig. 11),
over several regions (especially those shown in Fig. 11) the
agreement between both sensors is much improved. How-
ever, in other regions (see Fig. A5 of the appendix), the
CO VCDs from SCIAMACHY are still systematically higher
than from MOPITT. This difference indicates that the near
surface CO concentrations are probably underestimated by
the MOPITT a priori profiles. Interestingly, in contrast to
most biomass burning regions, the MOPITT a priori pro-
files seems to describe the atmospheric CO profiles over East
China rather well.
Of course, at least part of the deviations might also be
caused by other error sources. Especially for some re-
gions (e.g., South Asia or Indonesia) and months the number
of SCIAMACHY observations is relatively low and the cor-
responding uncertainties of the SCIAMACHY observations
are high. In other parts of the world, especially over South
America, also the frequent occurrence of high clouds in-
creases the uncertainty of the SCIAMACHY (and also MO-
PITT) observations (see also Fig. 6).
In a third exercise the spatial distributions of the CO VCD
derived from both satellite instruments are compared for dif-
ferent seasons. In Fig. 12 the differences are shown us-
ing only coincident measurements. In general, good overall
agreement is found with slightly higher SCIAMACHY CO
VCDs over most parts of the world. Here it is important to
note that over almost all regions the deviations are not signif-
icant according to the SCIAMACHY noise errors. Neverthe-
less, across large areas the deviations are consistent (e.g. over
the US for July to September), and indicate systematic differ-
ences between MOPITT and SCIAMACHY. The largest dif-
ferences between both sensors are found over South Amer-
ica and South-East Africa during the biomass burning sea-
sons (see also Figs. 11 and A5).
Like SCIAMACHY observations, in principle also MO-
PITT observations should suffer from cloud effects, but for
MOPITT only cloud free measurements were used. The
clear/cloudy determination is based on both the MOPITT ra-
diances themselves and a “cloud mask” produced from near-
simultaneous observations by the Terra/MODIS instrument.
Even if some partly clouded observations were still included
in the MOPITT data set, the effect of these clouds should
be much smaller compared to SCIAMACHY, because even
for completely cloud-free observations the sensitivity of MO-
PITT towards the near-surface layers is strongly reduced.
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As mentioned above, this direct comparison between the
CO VCDs from SCIAMACHY and MOPITT can only be
interpreted in a semi-quantitative way, because the true at-
mospheric CO concentration profiles are not known. A more
quantitative comparison between both sensors is possible if
profile information from atmospheric models is used (see
also Turquety et al., 2008; Kopacz et al., 2010; de Laat et
al., 2010); such a comparison is presented in Sect. 7.
6 Overview of the atmospheric models
Satellite observations from SCIAMACHY and MOPITT
are compared to the results of three atmospheric mod-
els. MATCH and GEOS-Chem are offline chemistry trans-
port models, driven by externally supplied meteorological
files, while EMAC is a fully coupled, online chemistry-
climate model (which in this case is nudged towards
observed values).
6.1 MATCH-MPIC
MATCH-MPIC (Model of Atmospheric Transport and
CHemistry - Max Planck Institute for Chemistry version) is
a global, three dimensional chemical transport model rep-
resenting tropospheric O3, CH4, NOx, and VOC chemistry.
MATCH-MPIC has been described and evaluated in de-
tail (Rasch et al., 1997; Lawrence et al., 1999, 2003; von
Kuhlmann et al., 2003). MATCH-MPIC is run in a semi-
offline mode, relying only on a limited set of input fields (sur-
face pressure, geo potential, temperature, horizontal winds,
surface latent and sensible heat fluxes, and zonal and merid-
ional wind stresses). These fields are obtained from the
NCEP GFS (National Centers for Environmental Prediction
Global Forecast System, Kalnay et al., 1990). Fields are in-
terpolated in time to the model time step of 30 min, and used
to diagnose online the transport by advection, vertical diffu-
sion and deep convection, as well as the tropospheric hydro-
logical cycle (water vapour transport, cloud condensate for-
mation and precipitation). The model uses a combination of
two convection parameterisations focusing on deep and shal-
low mixing (Zhang and McFarlane, 1995; Hack, 1994). An-
thropogenic emissions are from the Emissions Database for
Atmospheric Research (EDGAR) fast track 2000 emissions,
which are based on the EDGAR 3.2 emissions inventory
(Olivier and Berdowski, 2001). Biomass burning emission
data are based on the Global Fire Emissions Database (GFED
v2), van der Werf et al. (2006).
6.2 EMAC
The ECHAM/MESSy Atmospheric Chemistry (EMAC)
model is a numerical chemistry and climate simulation
system that includes sub-models describing tropospheric
and middle atmosphere processes and their interaction with
oceans, land and human influences (Jo¨ckel et al., 2006). It
uses the Modular Earth Sub-model System (MESSy; Jo¨ckel
et al., 2005) to link multi-institutional computer codes. The
core atmospheric model is the 5th generation European Cen-
tre Hamburg general circulation model (ECHAM5, Roeck-
ner et al., 2006). For the present study we applied EMAC
in the T42L90MA-resolution, i.e. with a spherical truncation
of T42 (corresponding to a quadratic Gaussian grid of ap-
prox. 2.8 by 2.8 degrees in latitude and longitude) with 90
vertical hybrid pressure levels up to 0.01 hPa (middle atmo-
sphere) and at T106L31-resolution (corresponding to 1.1 by
1.1 degrees in latitude and longitude) and 31 vertical lev-
els up to 10 hPa. The T106L31 set-up has a higher hori-
zontal and approximately the same vertical resolution in the
troposphere as T42L90MA, and we refer to the former as
EMAC-H and the latter as EMAC-L. In the EMAC-L set-up,
the biomass burning emissions from the Global Fire Emis-
sion Database (GFED v2.1) have been used, and the anthro-
pogenic emissions from the EDGAR3.2FT2000 database.
For the EMAC-H set-up we applied updated anthropogenic
emissions, based on the EDGARV4.0 (see http://edgar.jrc.ec.
europa.eu/index.php) with a resolution of 0.1× 0.1 degree
for the year 2005 and the biomass burning inventory GFED
v3.1 (see http://www.falw.vu/∼gwerf/GFED/), with a resolu-
tion of 0.5× 0.5 degree.
Model output for analysis was triggered every 5 h simu-
lation time. For EMAC-L, the prognostic variables vortic-
ity, divergence, temperature and the (logarithm of the) sur-
face pressure have been nudged to the operational ECMWF
analysis data in order to allow a point-to-point compari-
son to the satellite data (see Jo¨ckel et al. (2006) for fur-
ther details), whereas for EMAC-H no nudging was applied.
Stratospheric and tropospheric gas-phase and heterogeneous
chemistry in both set-ups was calculated with the sub-model
MECCA (Module Efficiently Calculating the Chemistry of
the Atmosphere, Sander et al., 2005), aqueous-phase chem-
istry in cloud droplets and wet scavenging with the sub-
model SCAV (Tost et al., 2006). Primary emissions and
dry deposition of trace gases and aerosols were calculated
with the sub-models ONLEM, OFFLEM, TNUDGE (Kerk-
weg et al., 2006a and DRYDEP (Kerkweg et al, 2006b),
respectively. More details on the overall model set-up (in-
cluding emissions) are presented by Jo¨ckel et al. (2006 and
2010) and Pozzer et al. (2007). The 5-hourly 3-D CO out-
put was converted to daily mean CO values and interpolated
to the retrieval levels of MOPITT. In addition, the total CO
column was calculated from the model output on the ba-
sis of the daily meteorological conditions as simulated by the
model. For the EMAC simulations the convection scheme of
Tiedtke (1989) and Nordeng (1994) was applied.
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6.3 GEOS-Chem
GEOS-Chem (Bey et al., 2001) is a global 3-D chemical
transport model for atmospheric composition. The model
is driven by assimilated meteorological data from the God-
dard Earth Observing System (GEOS) of the NASA Global
Modeling and Assimilation Office (GMAO). The model sim-
ulates detailed tropospheric O3-NOx-hydrocarbon chemistry,
including the radiative and heterogeneous effects of aerosols.
In this study, version v8-01-01 of GEOS-Chem (http:
//acmg.seas.harvard.edu/geos/) is used, with meteorological
fields in GEOS version 4 (GEOS-4) at 6-h time steps (3 h
for surface variables and the mixing depth). The horizon-
tal resolution is 4◦ latitude by 5◦ longitude. Vertically,
there are 30 levels of which ∼15 in the troposphere from
1000 to 100 hPa. The anthropogenic emission inventory is
based on the Emission Database for Global Atmospheric Re-
search (EDGAR) (Oliver and Berdowshi, 2001). Emissions
from biofuel combustion are from Yevich and Logan (2003).
Biogenic emissions are from the Model of Emissions of
Gases and Aerosols from Nature (MEGAN) (Guenther et al.,
2006). For moist convection, the model treats deep and shal-
low convection separately following the schemes of Zhang
and McFarlane (1995) and Hack (1994). Biomass burn-
ing emission data are based on the Global Fire Emissions
Database (GFED v2), van der Werf et al. (2006).
7 Comparison between measurements and models
In this section, we compare the satellite observations of
both sensors with results from the three global atmospheric
chemistry models (MATCH, EMAC low and high resolu-
tion, L and H, and GEOS-Chem), as introduced in Sect. 6.
In addition, the CO emissions used in the models and fire
counts as a qualitative indicator for CO emissions from
biomass burning are included in this comparison. As for the
comparison between SCIAMACHY and MOPITT observa-
tions (Sect. 5), first the time series over selected regions are
shown (Sect. 7.1). These comparisons allow in particular to
study possible differences in the seasonal cycle. In addition,
also global maps of the differences for different seasons are
presented (Sect. 7.2).
Before these comparisons are presented and discussed,
some general aspects of this comparison should be consid-
ered. In contrast to the comparison between MOPITT and
SCIAMACHY (Sect. 5), for the comparison between mea-
surements and model results information on the vertical CO
concentration profile is available (from the model simula-
tions), which is used to correct for the height dependent sen-
sitivities of both sensors. Of course, the simulated CO pro-
files do not necessarily represent the true atmospheric pro-
files. Nevertheless, in general they should describe the at-
mospheric CO profiles more realistically than the a priori as-
sumptions used in the satellite retrievals (at least for SCIA-
MACHY, for which only a fixed a priori profile was used).
Thus from the comparison between observations and model
results, more precise conclusions about the agreement be-
tween both sensors than from their direct comparison might
be drawn (e.g., Turquety et al., 2008), especially in cases for
which good agreement between model simulations and ob-
servations is generally found. For the comparison between
measurements and model results, the following conclusions
can be drawn.
If it is assumed that the model simulations represent
the true atmospheric profiles (and the measurements would
have no errors), exact agreement between measurements and
model simulations must be expected (but only for the part
of the atmospheric profile for which the sensitivity of the
satellite observation is >zero). However, agreement between
measurements and model results might also be found as a
result of compensating errors of measurements and mod-
els. Thus agreement between observations and measure-
ments might only be seen as an indication (not as evidence)
that both measurements and model simulations are correct.
On the other hand, disagreement is an unambiguous indi-
cation for errors of either the measurements or model simu-
lations (or both).
It should also be noted that – for practical reasons – the al-
titude dependent sensitivity is considered in different ways
for both satellite instruments. For the comparison of the
model results and SCIAMACHY observations, the (relative)
model profiles (instead of the standard profile, see Fig. 4) are
used to correct for the height dependent measurement sensi-
tivity. According to Eqs. (6) and (7) we get:
VCDSCIA,model = VCDSCIA ·AMFgeoAMFtotal,model (10)
with
AMFtotal,model =
∑
i
AMFbox (zi) ·cCO,model (zi)∑
i
cCO,model (zi)
(11)
and cCO,model (zi) the CO concentration of the model simu-
lation at layer i.
The resulting VCDSCIA,model is the CO VCD which would
be “seen” from SCIAMACHY if the model was the truth. It
is then compared to the CO VCD obtained from the vertical
integration of the CO profile from the model simulation.
For the comparison between the model results and MO-
PITT observations, the CO VCD from the MOPITT v4 data
product is taken and compared to the CO profiles from the
model simulations after applying the MOPITT averaging
kernel and a priori.
VCDmodel,MOPITT =
∑
i
[xa (zi)+A(zi)(xmodel,profile (zi)−xa (zi))] (12)
Here VCDmodel,MOPITT is the model CO VCD after apply-
ing the MOPITT column averaging kernel A(zi) and a priori
profile xa(zi) (expressed as partial column densities) where i
indicates the MOPITT vertical layer.
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Central South America (region 4 in Fig. 8) 
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Fig. 13. Comparison of the monthly mean CO VCDs (in units of 1018 molec cm−2) between the satellite measurements (left: MOPITT;
right: SCIAMACHY) and model simulations for three of the regions indicated in Fig. 8 (similar comparisons for the other regions indicated
in Fig. 8 are shown in Fig. A6 in the appendix). All comparisons are done for only collocated measurements/model results; also the specific
sensitivities of the satellite instrument have been considered (see text). In the bottom row fire counts from ATSR (in units of 10−4 per km2
per month), and GFED emissions used in the models (in units of 1013 molecules cm−2 s−1) are shown. The error bar of SCIAMACHY refers
to the unbiased estimator of a weighted population variance. EMAC-L refers to low (T42) and EMAC-H to high (T106) spatial resolution.
Despite the different formalities of the comparison, the in-
terpretation of the respective differences is identical: cases
for which the satellite measurements are higher (lower) than
the model results indicate an underestimation (overestima-
tion) of the true CO profile by the model, e.g., caused by
an underestimation (overestimation) of the emission sources
(similar conclusions can of course be also drawn for the
measurement errors). However, one important difference in
the interpretation of the comparisons for the different sen-
sors exists: the results of the comparison allow only conclu-
sions for the altitude range for which the satellite instruments
are sensitive. In particular, only the comparison between
SCIAMACHY observations and model simulations can yield
information about the CO distribution in the lowest atmo-
spheric layers.
7.1 Comparison of time series
In Fig. 13 the time series of monthly averaged CO VCDs
retrieved from both satellite sensors together with the cor-
responding CO VCDs from the model simulations are pre-
sented for three of the regions indicated in Fig. 8 (central
Africa, central South America, and East China). The respec-
tive time series for the other regions indicated in Fig. 8 are
presented in the appendix. Note that only coincident pairs
of measurements and model results are considered (but the
coincidences differ for the different combinations of satellite
www.atmos-chem-phys.net/11/6083/2011/ Atmos. Chem. Phys., 11, 6083–6114, 2011
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East China (region 8 in Fig. 8) 
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Fig. 13 Comparison of the monthly mean CO VCDs (in units of 1018 molec/cm2) between the 
satellite measurements (left: MOPITT; right: SCIAMACHY) and model simulations for three of 
the regions indicated in Fig. 8 (similar comparisons for the other regions indicated in Fig. 8 are 
shown in Fig. A6 in the appendix). All comparisons are done for only collocated 
measurements/model results; also the specific sensitivities of the satellite instrument have been 
considered (see text). In the bottom row fire counts from ATSR (in units of 10-4 per km2 per 
month), and GFED emissions used in the models (in units of 1013 molecules/cm2/s) are shown. 
The error bar of SCIAMACHY refers to the unbiased estimator of a weighted population 
variance. EMAC-L refers to low (T42) and EMAC-H to high (T106) spatial resolution. 
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Fig. 13. Continued.
sensors and models). The height-dependent sensitivities of
SCIAMACHY and MOPITT are considered as described
above.
The different rows of the panels of Fig. 13 present the com-
parisons with the different models (left column: MOPITT,
right column: SCIAMACHY). In the bottom row the sea-
sonal variation of the GFED emissions and the fire counts is
shown.
In most biomass burning regions a clear seasonal varia-
tion of the intensity of biomass burning exists (as indicated
by the fire counts), which is in general well reproduced be-
tween the measurements and model results. However, there
is also one interesting exception: for “Central Africa” (region
1 in Fig. 8) the models (except for MATCH) show a second
maximum of the CO VCD in summer, when no fires are de-
tected. Also, this second maximum is not seen in the satel-
lite observations. This discrepancy might indicate artefacts
introduced by errors in the description of the atmospheric
transport (e.g., transport of CO emitted from biomass burn-
ing south of the considered area, where enhanced CO VCDs
are found in summer, see Fig. A6 in the appendix). Espe-
cially the location of the ITCZ and its representation in the
model may play a crucial role in particular when considering
the separation between region (1), (2) and (3) in Fig. 8. Re-
spective errors might be introduced in the models due to the
limited horizontal resolution, although the problem is found
in EMAC-L and -H, but found somewhat reduced at higher
resolution. Also for Southern Asia (region 6) and Indone-
sia (region 7), transport of pollutants probably plays an im-
portant role, but in this case transport is well described by the
models for both regions. Although almost no fires occur in
these regions after July, secondary maxima are found in the
observations and model results in autumn.
Another interesting finding is that in most cases the MO-
PITT results agree much better with the model results than
the SCIAMACHY results, while SCIAMACHY CO VCDs
are generally higher than the model CO VCDs (especially
in South America, Southeast and Southwest Africa, North
Australia and Southern Asia). Also over East China higher
CO VCDs are observed by SCIAMACHY. This indicates that
current emission estimates used by the models for these re-
gions are probably too low, and it was so far difficult (if
not impossible) to identify this underestimation using only
MOPITT observations (because of the low sensitivity for the
near-surface layers).
7.2 Comparison of global maps
In order to gain insight in the spatial patterns of the dif-
ferences between model and measurement results, we also
calculated global maps of these differences for four sea-
sons. These maps between the satellite observations (SCIA-
MACHY or MOPITT) and model simulations (MATCH,
EMAC-L and -H, GEOS-Chem) are shown in Fig. 14. For
SCIAMACHY only observations over land were consid-
ered, because the normalisation procedure of SCIAMACHY
data (see Sect. 3) was performed over the oceans. Note that
again only coincident pairs of measurements and model re-
sults were considered; however, different coincidences were
used for the different satellite instruments. The height depen-
dence of the measurement sensitivity was taken into account
as described above.
In general the findings of this comparison are similar to
those of the comparison of the time series in Fig. 13. Over
regions with strong CO sources the models mainly under-
estimate the observed CO VCD. As already seen in Fig.13,
this underestimation is systematically larger for the com-
parison with SCIAMACHY. However, there are also some
regions where the models systematically overestimate the
observed CO VCDs; this effect is most pronounced in au-
tumn over Africa (around the equator) and in summer in the
western Amazon region, and in general during winter and
spring in the EMAC and MATCH simulations in the south-
ern hemisphere. Interestingly, similar to the general under-
estimation by the models, the magnitude of the difference
is larger for SCIAMACHY observations compared to those
of the MOPITT observations. This indicates that also in the
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Fig. 14. Spatial distribution of averaged seasonal differences between satellite measurements (SCIAMACHY and MOPITT) and
model (MATCH, EMAC, and GEOS-Chem) results of the CO VCD. EMAC-L refers to low (T42) and EMAC-H to high (T106) spatial
resolution. Only coincident measurements were considered, and the height dependence of the measurement sensitivities was taken into
account. White areas indicate missing values.
cases where models show higher CO VCDs than the mea-
surements, the differences in the CO concentrations probably
occur in the lowest layers of the atmosphere. It might be in-
teresting to note that over desert regions, MOPITT CO VCDs
are often higher than the model results indicating a possible
“desert bias” as discussed in de Laat et al. (2010) and George
et al. (2009).
8 Conclusions
We developed a new data set of CO VCDs from SCIA-
MACHY observations. To account for biases of the SCIA-
MACHY CO retrievals (varying with time and latitude) we
apply a normalisation procedure using coincident MOPITT
observations over the oceans. This normalisation procedure
is applied on a daily basis for different latitude ranges; thus
artificial offsets in the SCIAMACHY CO data are corrected
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Fig. 14. Continued.
depending on season and latitude. While the new SCIA-
MACHY CO data set can not be considered as fully inde-
pendent from MOPITT data, it can be used for the investi-
gation of the CO distribution over the continents, where all
important CO emission sources are located. We used only
SCIAMACHY observations with an effective cloud fraction
<20 % and applied a correction for the remaining cloud ef-
fects depending on effective cloud fraction, cloud top height
and surface albedo. To our knowledge, no explicit cloud cor-
rection has so far been applied to SCIAMACHY CO obser-
vations. An implicit cloud correction based on simultane-
ously retrieved CH4 absorptions was, however, applied by
Buchwitz et al. (2007). According to our study, omission of a
cloud correction can lead to systematic errors up to >100 %,
especially over polluted regions. Unfortunately, no ground
based FTIR stations at largely polluted sites are available
for validation. Thus, such large cloud effects could not be
demonstrated by comparison with FTIR observations. Nev-
ertheless, comparison of our SCIAMACHY CO data set with
several ground based stations shows in most cases a better
agreement after application of the cloud correction.
We compared the new data set of SCIAMACHY CO
VCDs with coincident MOPITT observations over land and
found in general good consistency. One interesting finding of
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Fig. 14. Continued.
this comparison is that the agreement between both instru-
ments strongly improves if only coincident measurements
are considered. However, usually the SCIAMACHY obser-
vations showed still slightly higher values compared to MO-
PITT, in agreement with several other studies (e.g., Buchwitz
et al., 2004, 2006a, 2007; Turquety et al., 2008).
Compared to MOPITT observations, SCIAMACHY ob-
servations are more sensitive to the atmospheric layers di-
rectly above the surface. In these layers not only most CO
emissions occur; this part of the atmosphere is also critical
for health and safety.
We compared observations both from MOPITT and SCIA-
MACHY to the results of different atmospheric mod-
els (MATCH, EMAC-L and -H, GEOS-Chem). For the com-
parison only coincident measurements/model results were
selected, and we considered explicitly the height depen-
dent sensitivity of both satellite instruments. The compar-
ison shows that over many regions with strong emission
sources (like biomass burning or anthropogenic emissions)
the simulated CO VCDs are systematically smaller than
those of the satellite observations. In particular, for most
cases, the difference between SCIAMACHY and the models
is larger than those between MOPITT and the models. Be-
cause of the reduced sensitivity of MOPITT towards the low-
est part of the atmosphere, we thus conclude that especially
the atmospheric CO concentrations close to the surface are
probably underestimated by the models. It also appears that
discrepancies between models and observations are largely
due to emission strengths rather than model resolution. Our
findings probably indicate that the CO emission inventories
used for the model simulations may largely underestimate
the true sources. We have no direct indications whether this
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Fig. 14. Continued.
underestimation is caused by uncertainties in the amount of
burned biomass or the CO emission factors (see Andreae and
Merlet, 2001; van der Werf et al., 2006; Akagi et al., 2011),
but other studies (e.g. Liu et al., 2005) indicate that uncer-
tainties in emission factors probably play the dominant role.
Besides most biomass burning regions, especially over
East China the actual CO emissions seem to be much larger
than found in the emission inventories. Similar findings were
also derived in several other studies, especially with respect
to the GFED biomass burning emissions (e.g., Liu et al.,
2005; Gloudemans et al., 2006, 2009; de Laat et al., 2006,
2007, 2010; Kopacz et al., 2010). It should of course be
noted that we can not completely rule out the possibility that
our SCIAMACHY CO retrieval overestimates the true CO
VCDs. Interestingly, for some biomass burning regions (e.g.,
in the western Amazon region in summer and around the
equator in Africa in autumn) the model simulations seem to
overestimate the atmospheric CO concentrations. We sug-
gest that our SCIAMACHY CO data set can be used to im-
prove the current CO emission inventories on a global scale,
primarily by assuming higher emission factors of CO from
biomass burning.
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Appendix A
Appendix 
 
The appendix contains the following additional figures: 
 
A1: Time series of the VCDs of CO, CH4 and H2O over the Sahara. 
A2: Maps of differences of the SCIAMACHY CO VCD after the different correction steps.  
A3: Dependence of the SCIAMACHY CO VCD on cloud top height for selected regions. 
A4: Influence of the different correction steps for the SCIAMACHY CO VCD (normalization 
and cloud correction) on the comparison with MOPITT data. 
A5: Additional examples of the comparison between CO VCDs from MOPITT and 
SCIAMACHY similar to the Fig. 11 in the main text. 
A6: Additional examples of the comparison of the CO VCDs from MOPITT and SCIAMACHY 
with model results similar to the Fig. 13 in the main text. 
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Fig. A1 Time series of the VCDs of CO (top), CH4 (middle) and H2O (bottom) averaged over 
Sahara (20°N to 28°N; 8°W to 28°E) for each day in the period 2003 to 2006.  
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Fig. A1. Time series of the VCDs of CO (top), CH4 (middle) and H2O (bottom) averaged over Sahara (20◦ N to 28◦ N; 8◦ W to 28◦ E) for
each day in the period 2003 to 2006.
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Fig. A2. Differences of the SCIAMACHY CO VCD for the different steps of our retrieval. Top: SCIA CO VCD with MOPITT normalisation
minus MOPITT normalisation without MOPITT normalisation. Bottom: SCIA CO VCD with MOPITT normalisation and cloud correction
minus MOPITT normalisation without MOPITT normalisation.
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Fig. A3 Dependence of the CO VCD on the cloud top height (FRESCO) for effective cloud 
fractions <20%. Measurements for January to March 2004 – 2005. 
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Fig. A3. Dependence of the CO VCD on the cloud top height (FRESCO) for effective cloud fractions <20 %. Measurements for January to
March 2004–2005.
without normalization without cloud correction
with normalization but without cloud correction
with normalization and cloud correction
South America Central Africa
China
Fig. A4. Comparison of the monthly mean CO VCD (in units of 1018 molec cm−2) derived from coincident measurements of SCIAMACHY
and MOPITT for selected regions. In the top panel uncorrected SCIAMACHY CO VCDs are shown, in the middle panel, SCIAMACHY
CO VCD after normalisation are shown, and in the bottom panel SCIAMACHY CO VCDs after additional cloud correction are shown (the
same data as in Fig. 11).
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Southwest Africa (region 3 in Fig. 8) 
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Northern Australia (region 5 in Fig. 8) 
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Southern Asia (region 6 in Fig. 8) 
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Indonesia (region 7 in Fig. 8) 
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Fig. A5 Comparison of the monthly mean CO VCD (in units of 1018 molec/cm2) derived from 
SCIAMACHY and MOPITT. In the left column of the figure all measurements within the 
selected regions (see Fig. 6) are considered. In the middle column only collocated and coincident 
observations are used. The error bar of SCIAMACHY refers to the unbiased estimator of a 
weighted population variance. In the right column the number of selected observations are 
indicated (please notice the logarithmic scale). 
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Fig. A5. Comparison of the monthly mean CO VCD (in units of 1018 molec cm−2) derived from SCIAMACHY and MOPITT. In the left
column of the figure all measurements within the selected regions (see Fig. 6) are considered. In the middle column only collocated and
coincident observations are used. The error bar of SCIAMACHY refers to the unbiased estimator of a weighted population variance. In the
right column the number of selected observations are indicated (please notice the logarithmic scale).
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Southern A
sia (region 6 in Fig. 8) 
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Indonesia (region 7 in Fig. 8) 
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Fig. A
6 C
om
parison of the m
onthly m
ean C
O
 V
C
D
s (in units of 10
18 m
olec/cm
2) betw
een the 
satellite m
easurem
ents (left: M
O
PITT; right: SCIA
M
A
C
H
Y
) and m
odel sim
ulations for three of 
the 
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